We applied first-principles total-energy calculations to several compounds Mn 2¹x M x Sb (M = Ti, Cr, Co, or Cu) to calculate the total energy. The results indicate that the Ti and Cu (Cr and Co) atoms prefer the Mn(II) site to the Mn(I) site [Mn(I) to Mn(II)]. These results are consistent with experimental observations. The antiferromagnetism (AF) [ferrimagnetism (FR)] is more stable than FR (AF) upon decreasing (increasing) the distance between the Mn(II) and Sb atoms in the z direction in all Mn 2¹x M x Sb systems. This result indicates that the environment around the Mn atom plays a very important role in the stabilization of the AF state, as is the case with Mn 2 Sb 1¹x As x systems. For Mn 2¹x Co x Sb systems, the atomic disorder between the Mn and Co atoms is insensitive to the relative stability of two magnetic phases AF and FR.
Introduction
The compound Mn 2 Sb has a tetragonal Cu 2 Sb structure with the 129th space group (P4/nmm) and is ordered ferrimagnetically below 550 K. 1) As shown in Fig. 1 , the unit cell contains two crystallographically different Mn sites, i.e., Mn(I) and Mn(II), which are respectively surrounded tetrahedrally and octahedrally by Sb atoms. The ferrimagnetic (FR) structure is formed by the antiparallel arrangement of the magnetic moments of the Mn(I) (2.13® B ) and Mn(II) (3.87® B ) sites. 1) Substituting various elements (V, Cr, Co, Cu, or Zn) for Mn leads to a first-order magnetic phase transition from the FR state to the antiferromagnetic (AF) state at T t as temperature decreases, 2) whereas the compound with Ti substituted for Mn does not result in that transition and remains in the FR state even at low temperatures.
3) The FR to AF transition is accompanied by a large change in volume, 46) resistivity, 6, 7) magnetization, 46) etc. Applying a magnetic field induces a first-order AF to FR transition, which is accompanied by large magnetoresistance, magnetostriction, etc. 6, 7) Therefore, these compounds attract attention as magnetic-field-controlled materials.
In our previous study, 8) we applied a first-principles totalenergy calculation to the hypothetical case of x = 1 in Mn 2¹x M x Sb (M = Co or Cu) for several magnetic states, such as paramagnetic or nonmagnetic (P), ferromagnetic (F), FR, and two AF states (AF1 and AF2). For M = Co, we calculated the energy of the FR and AF1 states, but did not obtain self-consistent solutions. Only solutions for the F and AF2 states were obtained. For these states, the Co atom energetically prefers the Mn(I) site to the Mn(II) site, and the magnetic moments of Co on Mn(I) have a parallel coupling with those of Mn(II) in the triple layers Mn(II)-Mn(I)-Mn(II). The magnetic ground state could not be determined, because the difference in total energies between the F and AF2 states is very small.
Recently, we found that the changing environment around the constituent atoms stabilizes the AF state in Mn 2 Sb 1¹x As x (x = 0, 0.5, and 1) systems, 9) and we roughly estimated the sign of the exchange interaction between Mn atoms in Mn 2 Sb 1¹x As x . 9) In this paper, we investigate the electronic and magnetic properties of Mn 2¹x M x Sb (M = Ti, Cr, Co, or Cu) by a first-principles total-energy calculation and discuss the site preference of M atoms and the stabilization of the AF state.
Computational Procedures
We deal with the cases x = 1, 0.5, and 0.25 in Mn 2¹x M x Sb (M = Ti, Cr, Co, or Cu). For x = 1, the M atom occupies the Mn(I) site ( two Mn I or Mn II atoms is replaced with the M atom, as shown in Fig. 2 . For x = 0.25, we only considered M = Cr or Co, as discussed below.
For magnetic phases, the following two structures shown in Fig. 1 are considered:
3) FR and AF states. For magnetic atoms such as M = Cr or Co, we also consider two spin configurations, i.e., the magnetic moments of M atoms have parallel or antiparallel coupling with the atoms of Mn(II). The FR and AF structures are the same as those reported for Mn 2 Sb 1) and Mn 2 As, 10) respectively. First-principles total-energy calculations are performed using the full-potential linearized augmented plane wave method.
11) For the exchange-correlation energy or its corresponding potential, we used the generalized gradient approximation of Perdew et al. (PBE96) . 12) In the present study, we used a 14 © 14 © 9 k-point mesh for the selfconsistent calculation. The plane-wave cutoff is RK max = 7.0, where R is the smallest atomic-sphere radius, and K max is the magnitude of the largest K vector. For the atomic sphere radius, we used the values 2.24 a.u. for Ti, Cr, Mn, Co, or Cu, and 2.13 a.u. for Sb. To calculate the equilibrium positions of the atoms in a unit cell, we used a reverse-communication trust-region quasi-Newton method. 11) In this work, we estimated the lattice constants a and c, and the atomic positions u and v of Mn(II) and Sb by the following four steps: In the first step, we calculate E tot as a function of a by fixing c/a and the atomic positions at the experimental values of Mn 2 Sb (c/a = 1.608, u = 0.710c, v = 0.279c); 13) moreover, we estimate the lattice constant a min (or cell volume V min ) that minimizes the total energy. In the second step, we first calculate E tot as a function of c/a using V min and the experimental atomic positions, and then we estimate the ratio (c/a) min that minimizes the total energy. In the third step, using V min and (c/a) min , we estimate the optimal positions of Mn(II) and Sb by minimizing the forces acting on these atoms. In the fourth step, we re-estimate (c/a) min using V min and the atomic positions determined in the third step.
To investigate the stabilization of the AF state for Mn 2¹x M x Sb, we use the technique from Ref. 9) to do the calculation. In other words, we study the relative stability between the FR and AF states by changing the atomic position z of atoms at the Mn(II) site.
Results and Discussions

Site preference for M atoms
We calculated the total energy for hypothetical compounds x = 1 in Mn 2¹x M x Sb (M = Ti or Cr) to better understand which site is preferred by M atoms (for information on the site preference of Co and Cu, see Ref. 8) is too small to reveal the site preference of Cr. Thus, we re-estimated ¦E tot using the procedure up to the fourth step and finally obtained the result that ¦E tot = ¹0.033 and ¹0.077 eV/f.u. for the states FR and AF, respectively. These results indicate that the Cr atom prefers the Mn(I) site to the Mn(II) site, which is consistent with neutron diffraction experiments. 14) From the present and previous 8) results, we expect that magnetic atoms, such as Cr and Co, prefer the Mn(I) site, whereas nonmagnetic atoms, such as Ti and Cu, prefer the Mn(II) site. To investigate the magnetic ground states and the stabilization of the AF state, we calculate the total energy for the FR and AF states in the hypothetical compounds Mn 1.5 M 0.5 Sb (M = Ti, Cr, Co, or Cr). Based on the site preference of M atoms obtained in the previous section, we assume that Cr or Co occupies the Mn(I) site and that Ti or Cu occupies the Mn(II) site (see Fig. 2 ). To investigate the magnetic ground states for Mn 1.5 M 0.5 Sb, we followed the optimization from the first to the fourth steps given above.
For M = Co, we attempted the calculation with a parallel (denoted ↑↑) or antiparallel (↓↑) alignment of the spin magnetic moments on Co and Mn II in the triple layers Mn(II)-Mn(I)-Mn(II) for both magnetic states (FR and AF). For the FR state, the ↑↑ state converged to itself but the ↓↑ state finally converged to the ↑↑ state. For the AF state, each state converged to itself, and the estimated energy difference ¦E tot = E tot (↓↑) ¹ E tot (↑↑) = 0.025 eV/f.u. Here E tot (↓↑) [E tot (↑↑)] means the total energy with the antiparallel (parallel) alignment of magnetic moments on Co and Mn II for the AF state. This result for the AF state indicates that the magnetic moments on Co prefer parallel coupling with the magnetic moments on Mn(II). Incidentally, we made a similar calculation for M = Cr for the FR and AF states by fixing the lattice constants and the atomic positions at the respective optimal values, but the initial ↑↑ state finally converges to the ↓↑ state in both magnetic states. The same result is obtained for CrMn II Sb. These results indicate that the magnetic moments on Cr prefer the antiparallel coupling to the magnetic moments on Mn(II).
The lattice constants and atomic positions obtained from these calculations are summarized in Table 1 . For M = Cr or Co, the change of lattice constants (a and c) is consistent with the experimental trends; 4, 15) i.e., a increases (c decreases) in transitioning from FR to AF. The magnetic moments obtained and the estimates for ¦E tot = E tot (FR) ¹ E tot (AF) are listed in Table 2 . Here, E tot (FR) and E tot (AF) represent the total energy per formula unit (f.u.) for the FR and AF states, respectively. For M = Cr or Cu, ¦E tot is so small that the magnetic ground state cannot be distinguished between FR or AF. Unfortunately, our results for M = Ti or Co disagree with the experimental results, 2) because the FR (AF) state is more stable than the AF (FR) for M = Ti (Co). This disagreement may be caused by the following three aspects: the large concentration of M atoms, the atomic disorder between the Mn and M atoms, and the atoms surrounding the constituent atoms. We discuss each of these aspects in order. First, we deal with the x = 0.25 case in Mn 2¹x M x Sb (M = Cr or Cr). Fig. 3(a) , which has lattice vectors aA = a + b, bA = ¹a + b, cA = c and cell volume VA = 2V. Here, a, b, c, and V are, respectively, basis vectors and the volume of the unit cell for Mn 2 Sb. We call this model "type A". For this model, we assume that Cr and Co occupy the Mn(I) site, and that the magnetic moments on Co (Cr) and Mn II are aligned parallel (antiparallel) to one another.
The magnetic ground states were determined by the optimization described in section 2 but, in this case, the theoretical results for the parameters c/a and atomic positions u and v for Mn 2 Sb 9) were used for the first step because the concentration x = 0.25 is very small and close to Mn 2 Sb. The data obtained are listed in Tables 3 and 4 , which show lattice constants, magnetic moments, and ¦E tot = E tot (FR) ¹ E tot (AF). The change in lattice constants a and c is consistent with experimental trends; 4, 15) i.e., a increases (c decreases) in transitioning from FR to AF. However, note that the total energy of the FR state is less than that of the AF state for Mn 1.75 Co 0.25 Sb and Mn 1.75 Cr 0.25 Sb, respectively. Furthermore, the results for ¦E tot increase compared with those for x = 0.5. Unfortunately, these results also disagree with the experimental results, 2) even though the concentration x has decreased. In the next section, we focus on the effect of atomic disorder between the Mn I and Co atoms at the Mn(I) site.
Atomic disorder in Mn 1.75 Co 0.25 Sb
The Mn 2¹x M x Sb system exhibits atomic disorder between the Mn I 1¹x and M x atoms on the Mn(I) site. 15, 16) Although using the coherent potential approximation (CPA) 17) may be appropriate to calculate the atomic disorder, it is not available to us. Therefore, we considered several superlattice models to resolve the problem of atomic disorder. This problem may be resolved partly.
To investigate the effect of atomic disorder between the Mn I and Co atoms in Mn 1.75 Co 0.25 Sb, we consider additional lattice systems, as shown in Fig. 3(b) . This system has lattice vectors aAA = 2a, bAA = 2b, cAA = 2c, and the cell volume VAA = 8V. This system exhibits more atomic disorder than type A because its cell volume is larger. Furthermore, this system has only five different configurations of Mn I and Co atoms, which are named as type B-1B-5. However, type B-4 and B-5 are not considered in the present study because the magnetic moments between Mn(I) layers are not balanced, and thus, do not meet the condition required for the AF state. The four models, type A, B-1, B-2, and B-3, have different configurations of Mn I and Co atoms (see inset of Fig. 3 ). For these additional models, we calculated the total energy for the FR and AF states. For this calculation, we assumed that the magnetic moments on Co and Mn II are aligned parallel to one another.
We also determined the magnetic ground states for these models applied to Mn 1.75 Co 0.25 Sb using an optimization Site Tables 3 and 4 , which show lattice constants and magnetic moments, and ¦E tot = E tot (FR) ¹ E tot (AF). Moreover, we show the total energies for the FR and AF states in Fig. 4 II for the FR and AF states was calculated by fixing the lattice constants and the atomic positions at each optimal value. However, for both magnetic states, the ↓↑ (↑↑) state finally converged to the ↑↑ (↓↑) state. This result is similar as for x = 0.5, except for the FR state of M = Co.
Environment of constituent atoms
In our previous study, 9) the AF state turned out to be more stable than the FR state when Mn II and Sb (As) atoms are nearest neighbors in Mn 2 Sb 1¹x As x (x = 0, 0.5, and 1).
Therefore, we investigated herein how the environment of the constituent atoms affects the magnetic states FR and AF of Mn 2¹x M x Sb (M = Ti, Cr, Co, or Cu). We discuss first the case of x = 0.5 and next the case of Mn 1.75 Co 0.25 Sb.
By fixing the lattice constants a and c at their optimal values for each AF state and decreasing the atomic position z of Mn(II) for M = Cr, Co, or Cu (increasing z for M = Ti), we calculated the total energy E tot for both FR and AF states. In this case, the atoms on the Mn(II) site approached the Sb atoms. For M = Ti, the atoms on the Mn(II) site approached the Mn(I) atoms. Although we could move the two atoms on the Mn(II) site independently, such as Mn II Although moving the atoms on the Mn(II) site increases E tot in all cases, it changes the sign or decreases ¦E tot = E tot (FR) ¹ E tot (AF), as shown in Fig. 5 . These results indicate that the AF state is more stable than FR with respect to decreasing the distance between the Mn(II) and Sb atoms. In contrast, the FR state is relatively stabilized upon increasing the distance between the Mn(II) and Sb atoms. Figure 6 shows the environment of the constituent atoms in the unit cell. The upper (lower) panel shows the results for dz = 0 (dz = +0.04c for Ti, dz = ¹0.03c for Co, and dz = ¹0.04c for Cr and Cu) in Mn 1.5 M 0.5 Sb. For example, Fig. 6(c) shows that, for Mn 1.5 Co 0.5 Sb, the Mn(I) atom in the upper panel has four Mn(II), four Sb, and four Mn(I) as first-, second-, and third-nearest neighbors, respectively. Here, Co and Cr atoms are included in Mn(I) (see Table 5 for details). The most remarkable feature is that each of the Mn(II) and Sb atoms becomes the nearest neighbor when the AF state is more stable than the FR state or when ¦E tot increases. However, each of the Mn(I) and Mn(II) atoms becomes the nearest neighbor when the FR state is more stable than the AF state or when ¦E tot decreases.
We also investigated the stabilization of the AF state for Mn 1.75 Co 0.25 Sb. For this calculation, we used the type B-1 model, because ¦E tot is somewhat larger for this model than for the other models. We calculated the total energy E tot for both FR and AF states as a function of decreasing atomic position z of Mn(II) by fixing the lattice constants at the optimal values for the AF state. In this case, the Mn II atoms approach the Sb atoms. Although the displacement of the Mn II atoms increases E tot , it also changes the sign of ¦E tot = E tot (FR) ¹ E tot (AF), as shown in Fig. 7 . This result also indicates that the AF state is relatively stabilized by decreasing the distance z between the Mn II and Sb. In fact, Suzuki et al. 18) determined the atomic position parameters u and v for the FR and AF states by analyzing the crystal structure of single crystals of Mn 1.8 Co 0.2 Sb. As shown in Fig. 8(b) , our estimate of the distance between the Mn(II) and the Sb atoms obtained using the parameters of Suzuki Sb (1) Sb (1) Sb (1) Table 5 for details).
et al. for atomic postitions 18) and lattice constants 19) shows that the Mn(II) and Sb atoms become nearest neighbors in the AF state but second-nearest neighbors in the FR state. This result is in good agreement with our theoretical trend. In other words, our theoretical and their experimental results indicate that the environment of the constituent atoms, and especially the distance between the Mn II and Sb atoms, may play an important role in stabilizing the AF state. Finally, Fig. 9 shows the magnetic moments calculated for Mn(I) and Mn(II) for the AF and FR states in Mn 2¹x M x Sb (M = Cr or Co, x = 0.25, 0.5, and 1.0). Note that the some experimental data 1, 16, 20, 21) are included in Fig. 9 . In Fig. 9(a) , the moments on Mn(I) decrease linearly with increasing Co concentration, whereas the moments on Mn(II) are approximately constant in both magnetic phases. This result is in good agreement with the experimentally observed saturation magnetization in pulsed magnetic fields at 4.2 K, which increases with Co concentration for Mn 2¹x Co x Sb.
5) The difference in the gradients of the Mn(I) moments between Mn 2¹x Cr x Sb and Mn 2¹x Co x Sb is caused by the magnetic moments on Cr and Co, which are coupled parallel and antiparallel, respectively, with those on Mn II . . 18, 19) Here, I and II denote the atoms at the Mn(I) and Mn(II) sites, respectively. For certain symbols, the number of neighbors is shown in parentheses, such as Sb (1) 
Conclusion
We used first-principles total-energy calculations for several compounds Mn 2¹x M x Sb (M = Ti, Cr, Co, or Cu) to elucidate the site preference of M atoms and the stabilization of AF state.
The calculated total energy indicates that the Ti atom prefers the Mn(II) site to the Mn(I) site, which is consistent with magnetization measurements. 3) In contrast, the Cr atom prefers the Mn(I) site to the Mn(II) site, which is consistent with neutron-diffraction experiments.
14) However, it is necessary to investigate the reason for magnetic atoms, such as Cr and Co, preferring the Mn(I) site and nonmagnetic atoms, such as Ti and Cu, preferring the Mn(II) site.
We confirmed that the AF state is stable in the Mn 2¹x M x Sb system, as for the Mn 2 Sb 1¹x As x system. 9) As expected, the AF state becomes more stable than the FR state upon decreasing the z separation between the Mn(II) and Sb atoms, whereas the FR state becomes more stable than the AF state upon increasing the z separation between the Mn(II) and Sb atoms. These results agree with those obtained by crystalstructure analysis of single-crystal Mn 1.8 Co 0.2 Sb. 18) In addition, the magnetic phase may be insensitive to atomic disorder between the Mn I and Co atoms for Mn 2¹x Co x Sb. Based on this result, we expect that atomic disorder between the Mn and M atoms may also be insensitive in Mn 2¹x M x Sb. To confirm this hypothesis, the effect of atomic disorder on Mn 2¹x M x Sb must be investigated. 16) for Mn 2¹x Co x Sb and x = 0.03, 0.05, 0.1 21) for Mn 2¹x Cr x Sb, respectively.
